In this study, we have used the Terra satellite onboard of the Moderate Resolution Imaging Spectroradiometer (MODIS) to investigate the spatial and temporal relationship between aerosol optical depth (AOD) and cloud parameters namely, water vapor (WV), cloud optical depth (COD), cloud fraction (CF), cloud effective radius (CER), cloud top pressure (CTP), and cloud top temperature (CTT) based on 10 years (from January 2004 to December 2013) of dataset over six locations in South Africa (SA). The obtained results indicated seasonal variation in AOD, with high values during spring (September to November) and low values in winter (June to August) in all locations of study. In terms of temporal variation, AOD was lowest at Bloemfontein 0.06 ± 0.04 followed by Cape Town 0.08 ± 0.02, then Potchefstroom 0.09 ± 0.05, Pretoria and Skukuza had 0.11 ± 0.05 each and with the highest at Durban 0.13 ± 0.05. The mean Angstrom exponent (AE) values for each location showed a general prevalence of fine-mode particles which dominates the AOD for most parts of the year. A hybrid single particle Lagrangian integrated trajectory (HYSPLIT) model was used for trajectory analysis in order to determine the origin of airmasses and to understand the variability of AOD. We then studied the relationship between AOD, cloud parameters and precipitation over selected locations of SA so as to provide a better understanding of aerosol-cloud-precipitation interactions. All these correlations examined over six sites were observed to be depended on the large-scale meteorological variations.
INTRODUCTION
Aerosols are emitted into the atmosphere through either natural or anthropogenic origin. Consequently they then interact with solar radiation by causing absorption or scattering, this is being referred to as direct effect (Ichoku et al., 2004) . Apart from this, they also interact with clouds by serving as cloud condensation nuclei (CCN) and ice nuclei making it possible for droplets of cloud and ice crystals to be formed. Aerosol and clouds are both variable in space and time thereby, sometimes leading to ambiguity in making a distinction between them as they interact (Feingold et al., 2003; Charlson et al., 2007) . The uncertainties in quantifying radiative forcing due to anthropogenic aerosols and non-greenhouse gas arise from the complex interactions between aerosols and cloud (Ackerman et al., 2000; Haywood and Boucher, 2000) . The aerosol-cloud-precipitation interactions play a significant role in global climate. The indirect effects of aerosol on cloud includes increment in reduced sized water cloud droplets resulting from CCN (Myhre et al., 2007) and this in turn can impede precipitation. When this happens, the life time of cloud is thus prolonged and cloud may then grow into cloud top height with increase in liquid water path (Rosenfeld, 2000) .
Although many researchers have carried out investigations on the aerosol optical depth (AOD) over some parts or the whole of South Africa (SA) using both ground-based instruments (Kumar et al., 2013 and references therein; Adesina et al., 2014; Hersey et al., 2015) and satellite-based instruments (Tesfaye et al., 2011; Kumar et al., 2014) , but aerosol-cloud-precipitation interactions has not been reported to the best of our knowledge. A number of studies have been conducted to address the spatial and temporal variability of aerosols and clouds and its impact on rainfall (e.g., Alam et al., 2010; Balakrishnaiah et al., 2012; Alam et al., 2014; Kang et al., 2015 and references therein). Balakrishnaiah et al. (2012) showed strong positive and negative correlations for AOD and cloud parameters over major cities of southern India. Alam et al. (2010 Alam et al. ( , 2014 have recently investigated that the AOD and cloud properties correlations changes with changing seasons in different regions of Pakistan. Also, Sharif et al. (2015) examined that the correlations between AOD and cloud properties (same as the cloud parameters used in this study) were observed to be depended on the meteorological parameters for the regions over Sindh in Pakistan. Recently, Kang et al. (2015) investigated the spatial and temporal correlations between AOD and cloud properties. They showed that the correlations were significantly strong with positive and negative coefficients over 10 different regions in China. Also, the previously validation reports performed over SA and other parts of the world to check the performance of MODIS over the study regions are explained in the supplementary material (SM).
The present study investigates the spatial, seasonal and temporal variations of aerosol and cloud properties using 10-years of long-term MODerate resolution Imaging Spectroradiometer (MODIS) remote sensing satellite data for distinct stations in South Africa (SA) to show the relationship between AOD and cloud parameters and its effects on precipitation and climate change. The cloud parameters used in this study are water vapor (WV), cloud fraction (CF), cloud optical depth (COD), cloud top pressure (CTP) and cloud top temperature (CTT). The present work is discussed in the following way: a general outline of study locations, database used for the present study, results and discussion and finally conclusions provided with brief summary of results.
EXPERIMENTAL SITE AND SATELLITE DATA

Study Locations
The climate of SA can be divided into three zones viz., (1) Arid (Desert) (2) Subtropical wet (fully humid and dry winters) and (3) Subtropical dry (hot summers) regions according to Koppen-Gieger climate classification (Kottek et al., 2006) with the climate zones shown in red, orange and green colors (see Fig. 1 ). The subtropical wet climate prevailing with warm temperature during winters and fully humid observed over east part of SA, while the subtropical dry climate persisting with warm temperatures during dry summers can be seen over northern SA. The arid zones with desert climate regions experiencing high temperatures in the west part of SA.
The present study has been carried out over six important locations selected from six different provinces out of nine covering all portions in SA. Table 1 ) with different contribution for aerosol sources. These locations are diverse in population, climate and topographic variation; make SA geographically unique for any study of spatio-temporal patterns. The description of each region was described by several earlier researchers (Adesina et al., 2010; Sivakumar et al., 2010; Queface et al., 2011; Kumar et al., 2013; Adesina et al., 2014; Kumar et al., 2014; Hersey et al., 2015) . 
RESULTS AND DISCUSSION
Spatial and Temporal Variations of AOD and AE
AOD is the measure of transparency of aerosol to solar radiation and has to do with the degree to which it prevents the radiation through scattering and absorption. It is been defined as the integration of the extinction coefficient over a vertical column of unit cross section. It is a major property of aerosol by which its environmental effect has been measured. Fig. 2(a) and Table 2 shows both the spatial and temporal variations of AOD 550 over six selected cities of SA for the period 2004-2013. The results from Fig. 2(a) demonstrate that aerosols had a marked impact on six stations in SA. This study includes most of the regions due to their geo-strategic locations, vehicular emissions, industrial emissions, and other anthropogenic activities. The lowest value (AOD 550 < 0.1) of the spatial variation of AOD 550 for the period 2004-2013 is observed over Bloemfontein, which is in the Free State province lies is in the heart of SA, with the grassland, crop fields and sandstone mountains hosting the country's largest gold mining complex. AOD 550 ranging between 0.10 and 0.13 is found over four locations; Potchefstroom in the North-West province with mostly flat areas of scattered trees and grassland, Skukuza in the Mpumalanga province with high altitude grassland and accounting for about 83% of SA's coal production (Hersey et al., 2015) , Cape Town in the Western Cape province having an exceptional topographical and vegetation diversity Hersey et al., 2015) and Pretoria in the Gauteng province containing the country's largest city making it the province with the highest population density and urbanization . While Durban in the Kwazulu-Natal province has three geographical regions of lowland, midland and plateau with the surrounding coastal region having subtropical forest has the highest AOD 550 close to 0.2. Similar observations with high AOD values in north and low in south has been reported by earlier researchers over SA and other parts of world (Alam et al., 2010; Balakrishnaiah et al., 2012; Kumar et al., 2014; Kang et al., 2015) . In terms of temporal variation, the mean AOD 550 for the study period (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) ) is noticed to be the lowest at Bloemfontein 0.06 ± 0.04 followed by Cape Town 0.08 ± 0.02, then Potchefstroom 0.09 ± 0.05; Pretoria and Skukuza had 0.11 ± 0.05 each and with the highest observed at Durban 0.13 ± 0.05. This result is in good agreement with Hersey et al. (2015) examined on tropospheric aerosol loading over different environments of SA. Monthly and seasonal variations of AOD 550 which is shown in Table 2 can be clearly seen in all the six locations. All locations apart from Pretoria have maximum seasonal AOD during the spring followed by the summer season. This season corresponds to burning of agricultural residue to clear the harvest and known for biomass burning as agreed upon by a number of researchers (Kumar et al., 2013 and references herein; Adesina et al., 2014; Hersey et al., 2015) . In contrast, very low AOD values are observed in all the regions of SA during autumn and winter. Durban has AOD > 0.1 in all seasons, while Skukuza and Pretoria have AOD > 0.1 only during the spring and summer. Whereas, Bloemfontein and Cape Town have AOD < 0.1 for all seasons and also in the case of Potchefstroom, except for the spring season. This abrupt variation over Durban can be attributed for the reason that this is an urban, industrial and coastal region. Pretoria is an urban region which carries large AOD values during summer is due to the dust storms occurring during that season, which leads to an increased persistence of dust aerosols, along with local vehicular emission. In addition, higher air temperatures in summer tend to hold more water vapors that feed aerosol to grow (Masmoudi et al., 2003) , which might be the other reason causing higher AOD level. The similar seasonal variations were studied by Balakrishnaiah et al. (2012) over India, Alam et al. (2010 Alam et al. ( , 2014 and Sharif et al. (2015) for Pakistan, and in China examined by Luo et al. (2013) and Kang et al. (2015) . All these studies showed that the AOD values were higher due to the enhancement in urbanization and industrialization, dust storms, anthropogenic activities and salt particles blowing from the sea.
The Angstrom Exponent (AE) which is a parameter that determines aerosol particle-size with lower values indicating a coarse-mode and higher values indicating a fine-mode varies significantly over the study locations. MODIS annual mean spatial distribution of AE 470-660 for the period (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) is shown in Fig. 2 (b). Durban and Skukuza have the highest with AE about 1.2 and 1.3, respectively. This is followed by Pretoria and Cape Town with AE of about 1.0 and then Bloemfontein and Potchefstroom, where the AE is less than 1.0 being areas of less vegetation and might have more impact of dust particles. The temporal variation from Table 2 shows that Durban and Skukuza have AE > 1.0 throughout the study period, while Cape Town has AE > 1.0 in all the months except, in January where it is small compared to the other months. Bloemfontein, Potchefstroom and Pretoria have AE < 1.0 for most of the year except, for few months. For seasonal averages, Cape Town, Durban and Skukuza have an average AE > 1.0 in all the seasons, while Potchefstroom and Pretoria have AE > 1.0 during the summer and spring seasons. But Bloemfontein has mean AE < 1.0 for all the seasons. Hersey et al. (2015) reported that AE AOD ± SD AE ± SD AOD ± SD AE ± SD AOD ± SD AE ± SD AOD ± SD AE ± SD AOD ± SD AE ± SD AOD ± SD AE ± SD Jan 0.14 ± 0.08 1.18 ± 0.15 0.12 ± 0.06 1.30 ± 0.19 0.08 ± 0.05 1.30 ± 0.14 0.11 ± 0.02 1.35 ± 0.14 0.03 ± 0.02 1.03 ± 0.23 0.09 ± 0.01 1.03 ± 0.14 Feb 0.14 ± 0.04 0.97 ± 0.18 0.12 ± 0.04 1.12 ± 0.20 0.10 ± 0.03 1.12 ± 0.18 0.12 ± 0.01 1.28 ± 0.14 0.05 ± 0.03 0.97 ± 0.24 0.08 ± 0.02 1.17 ± 0.08 at inland sites have lower values than for coastal sites for much of the year. High values at Skukuza though not a coastal site may be due to its closer proximity to Mozambique, a region of intense biomass burning (Adesina et al., 2015) .
Relationship between AOD and AE
The spatial correlation between AOD 550 and AE 470-660 which is shown in Fig. 3(a) observed that there is a positive correlation of > 0.2 over Durban and Skukuza and a negative correlation in the range from -0.1 to -0.3 over Cape Town, Pretoria, Potchefstroom and Bloemfontein. When AOD has positive correlation with AE, it implies that the particles do not undergo corresponding hygroscopic growth in the region of the clouds (Balakrishnaiah et al., 2012) but this trend normally changes when the ratio of coarse-and fine-mode particles changes in the aerosol loading (Myhre et al., 2007) . The temporal correlation (Fig. 3(b) ) for Bloemfontein, Durban, Potchefstroom and Pretoria shows that AOD and AE follow similar trend except for the last months of the year, but for Skukuza the opposite trend is found at the beginning of the year. Cape Town has opposite trend through most parts of the year. The correlation coefficients noticed for the locations 
Identification of Aerosol Sources Using Trajectory Analysis
The possible major sources of aerosol in SA are vehicular and industrial emissions, biomass burning, forest fires, resuspension road dust, and construction activities have contributed to an increase in the aerosols concentrations over different regions of SA . In order to understand the origin of the airmasses which arrive the study regions, we performed seven-days back trajectory analyses based on the HYSPLIT model (Draxler and Rolph, 2003) . These trajectories were computed at several altitudes 500, 1500, and 3000 m above ground level (AGL) to study the complex behaviour of aerosol near the Earth's surface. In Fig. 4 Figs. 4(a)-4(h) reveals that airmasses reached SA from the South Atlantic Ocean (SAO), Indian Ocean (IO), biomass burning and forest fires from Botswana, Namibia, Mozambique, and Madagascar and also from the Sahara deserts, and subsequently passed over the various cities in SA. Kumar et al. (2014) found that most of the back trajectories identified airmass flow originating either from the Sahara desert dust or from the biomass burning/forest fire events occurred over north and northeast parts of SA and consequently, a significant increase in AOD values during the summer and spring seasons. On 15 th January the air parcels at all levels over Skukuza, Pretoria, Potchefstroom, Bloemfontein and Durban originated from the marine environment of IO and traversing through Madagascar Island before reaching sites, except in Cape Town, where all the trajectories travelled a long distance from far SAO.
It is clearly evident from the figure that all the trajectories were originated from oceanic region of SAO in all the seasons except for, Skukuza, Pretoria, Potchefstroom and Bloemfontein. The 500 m and 1500 m trajectories over these regions originating from north and northwest regions of SA had little journey with zigzag airmass pattern. It is therefore analyzed that airmasses in April and June travelled long distances mostly from the southwest before reaching the sites whereas, in September and January travelled shorter distances mostly from the east and northeast of SA except, the coastal sites. This is the reason why AOD values are recorded highest in spring and summer months and lowest in winter. From airmass trajectories it has been clear that aerosol concentrations are influenced by marine and arid regions surrounding to SA. Therefore, both local sources and long-range transported aerosol lead to high AOD in these regions.
Relationship between AOD and Cloud Parameters
The MODIS provides an enormous valuable data to understand how aerosols relate cloud parameters such as WV, CF, COD, CTP, and CTT (Myhre et al., 2007) . This section deals with the relationships between AOD and the above cloud parameters for the six selected sites of SA through the spatial correlation and temporal plots between AOD and various cloud parameters for the time period 2004-2013. The spatial correlation maps are used over entire SA region for a real comparison between AOD and WV, AOD and CF, AOD and COD, AOD and CTP, and AOD and CTT. It has been noticed that higher aerosol loading favours the distributions of higher clouds and larger cloud fractions, either the MODIS AOD data is calculated from all-data or the stringently less-cloudy data sets. These relationships are discussed in the following sub-sections except, for WV and CTP which are given in SM (see SM-2, SM-3 and Fig. SM-1 , Fig. SM-2, respectively) . Fig. 5(a) shows the spatial correlation plot between AOD 550 and CF for the various selected locations. The data used for this analysis was that of MODIS combined data for both day and night for the years from 2004 to 2013. The spatial correlation plot shows positive correlation at Skukuza, Durban, Cape Town and Pretoria, but negative correlation for the other two locations. Similar results were reported by Balakrishnaiah et al. (2012) that the correlation between AOD and CF was found to be higher at coastal sites compared to continental. Nakajima et al. (2001) reported that the regions close to the coastal areas are found to exhibit positive correlation between AOD and CF. It seems that it may not always be the case as other factors like the AOD values might also contribute (Hoeve et al., 2011) . Other factors that affect AOD and CF correlation include high biomass activities, industrial or vehicular emission (Alam et al., 2010) like in the case of Pretoria and Skukuza. Though, Potchefstroom is in the high latitude, the aerosol loading is influenced more by the addition, most of the continental regions have shown a Kalahari Desert dust which makes the correlation negative. In negative correlation with small CF and large AOD value due to the total absence or a very few low clouds interacting with aerosols or may be due to the presence of dust particles that are not very effective as CCN. Kaufman et al. (2005) examined the influence of AOD on meteorological parameters such as cloud cover, air pressure and temperature differences. They found that various cloud properties and aerosol concentrations are being affected by changes in atmospheric circulations. For instance, a low pressure region may tend to accumulate aerosol particles and WV that lead generating favorable atmospheric conditions to increase cloud cover. The increased aerosol exposure to solar radiation will result in stronger aerosol absorption effect on clouds. Physically, aerosol absorption of solar radiation can evaporate or thin cloud optically (Hoeve et al., 2011) , and that the decrease of CF with AOD. Thus, absorption effects suppress the formation and growth of clouds. The time series plots presented in Fig. 5(b) showed a similar pattern of CF with maximum value in January and then decreasing to a minimum value in either July or August beginning, and subsequently rising to a peak in December, apart from Cape Town where double maximum is seen occurring in May and September. The temporal pattern in Cape Town starts with a low CF value in January ending with low value in December and also shows another low value in July between the two maxima. The observed correlation coefficients are Bloemfontein (-0.606), Cape Town (-0.384), Durban (-0.148), Potchefstroom (-0.036), Pretoria (0.357) and Skukuza (-0.504).
Relationship between AOD and CF
Relationship between AOD and COD
COD is a measure of attenuation of the light passing through the atmosphere after absorption and scattering from the cloud droplets. It is an important factor affecting earth's radiation budget both at atmosphere and surface. Normally, COD should increase with AOD, while the CER show a decrease according to Twomey effect (Twomey, 1977) . The spatial correlation map of AOD with COD shown in Fig. 6(a) found a positive correlation over Durban, Pretoria and Skukuza, while negative correlation at Cape Town, Potchefstroom and Bloemfontein. The fact for the positive correlation between AOD and COD in those regions is due to their close proximity to the sea coast and is subjected to a component of sea and land breezes, as well as wet deposition, which contribute to a speedy clean-up of the atmosphere. Further, it is noticed that COD increases with increase of moisture in the atmosphere and correlates negatively with increasing AOD (Hoeve et al., 2011) .
In the time series plots (Fig. 6(b) ) for the spatial averages, Bloemfontein and Pretoria experience minimum COD values in July, while Potchefstroom and Durban in May and Skukuza in June. Whereas, Cape Town experiences generally low values throughout the year but shows maximum in the month of June. The respective correlation coefficients noticed for Bloemfontein, Cape Town, Durban, Potchefstroom, Pretoria and Skukuza are 0.606, -0.802, 0.274, -0.169, -0.015, and 0.684. Quass et al. (2010) noticed a positive correlation between AOD and total cloud cover in the regions which is attributed to high humidity with the presence of clouds results in swelling of aerosols. The decreased COD was the presence of absorbing aerosols, which causes cloud droplets to evaporate making clouds too thin results in negative correlation with AOD (Alam et al., 2014) . This can be evident from the relationship of aerosol index (AI) with cloud parameters to study absorption characteristics of aerosols and will be discussed in later sections.
Relationship between AOD and CER
The ratio of the third to the second moment of a cloud droplet size distribution is known as the cloud effective radius (CER) or simply the weighted mean values of size distribution of cloud droplets. It serves as a key parameter for calculating liquid water clouds radiative properties (Bhawar and Devara, 2010) . Although the correlation of CER with AOD is known to be generally negative but some cases of positive correlation has also been found (Yuan et al., 2008) . The monthly mean of CER temporal values follow a definite pattern according to the locations; this is particularly seen in cases of Bloemfontein, Pretoria and Potchefstroom where it seems to be constant during the summer and autumn months then decreases through the winter and then rises again in spring (see Fig. 7(b) ). The hinterland locations have geographical proximity with similar prevailing weather conditions, although Pretoria is an urban settlement and do have higher aerosol loading similar to other urban centers. Durban and Cape Town are both coastland locations and have the CER rising through autumn and attain its maximum in winter and then decreases to minimum in the spring. Skukuza is in the Highveld area with a lot of anthropogenic aerosols (Hersey et al., 2015) has the CER having its maximum in summer and continues to decrease to its minimum during the early spring. In all the locations the values of CER ranges between 10 ≤ CER ≤ 20 µm. From both the spatial and temporal correlation between AOD and CER, all locations noticed to be negative correlation, except Potchefstroom and Pretoria ( Fig. 7(a) Positive correlations between CER and AOD are sometimes attributed to the presence of slightly soluble organics particles and giant CCN (Yuan et al., 2008) .
Relationship between Aerosol Index and Cloud Parameters
Clouds are known to have a logarithmic sensitivity to the amount of potential CCN for a given aerosol type. The effect is such that changes caused by aerosol loading in a clean environment are more than that in a polluted environment to cloud properties (CER, COD, and CF) (Koren et al., 2008) . Monthly aerosol index (AI) values used in this study retrieved from Ozone Monitoring Instrument (OMI) onboard Aura satellite represents the column number concentration of aerosol. To study the effect of absorption characteristics of aerosols using AI on cloud parameters, we selected two locations. The cloud parameters over Cape Town shown in Figs 3 (by step of 0.01) reported in log-log scale. We tried to see if the biomass season has a pronounced effect on AOD and with the cloud parameters by considering the relationship for the whole data and that of August-November, when we have the biomass season.
AI increases with decreasing CER is an indication that aerosol effect on cloud microphysics is significant (Lohmann and Lesins, 2002) . The impact of aerosol on CER is generally quantified by the linear regression slope of the CER-AI on a log-log scale (Costantino and Breon, 2012) . Although, the linear correlation between CER and AI increased from -0.605 to --0.508 for that of the whole data to that of the biomass period over Cape Town (see Fig. 8(a) ). The sensitivity of CER to aerosol which is expressed by the best fit slope of the linear regression is insignificant over Cape Town when we consider the ratio. For Skukuza, the linear correlation between AI and CER increased from 0.02 to 0.10 ( Fig. 8(d) ) and the impact of the biomass season is significant as the ratio of the two slopes goes almost to six times. The decrease of CER with increasing AI is in good agreement with Twomey's theory suggesting a direct modification of cloud microphysics. The modification causes a decrease of the cloud droplet mean size as aerosol particles interacts with the cloud, acting as CCN. When aerosols are mixed and interacting with cloud, the slope is particularly small and slightly negative; but when the layers are well separated the slope though may be small but is positive (Costantino and Breon, 2012) . At Cape Town, the correlation between AI and COD increased from -0.471 to -0.009 in the case of data for all months during the study period to that of the biomass period (see Fig. 8(b) ). The impact of the biomass season on COD is thus significant as the linear regression slope increased from -15 to -0.39 which shows the extent to which aerosols and clouds are mixed and interacting. However, at Skukuza there seems not to be that mixing between aerosol and cloud as that of Cape Town. The linear regression slope is positive for both cases and the linear correlation between AI and COD decreased from 0.73 to 0.66.
The correlation of CF with AI is 0.47 for the whole data and 0.52 for data relating to the biomass burning season over Cape Town (Fig. 8(c) ) and 0.69, 0.84 for Skukuza (Fig. 8(f) ), respectively. The slope also increased from 0.47 for the whole data to 0.60 for biomass burning months at Cape Town and from 1.2 to 1.6 at Skukuza, respectively. Although the positive relationship between CF and AI has not been fully explained in literature, some explanations have been preferred like the increase in aerosol concentration as a result of low tropospheric stability and secondly that when precipitation is suppressed by cloud active aerosols, longer-lived clouds results (Costantino and Breon, 2012) .
Relationship between AOD and CTT
In order to retrieve many properties of the atmosphere closed to surface, for which it is important to know the atmospheric temperature at the level of the cloud top (Balakrishnaiah et al., 2012) . In Fig. 9(a) , the spatial correlation map of AOD and CTT over the period [2004] [2005] [2006] [2007] [2008] [2009] [2010] [2011] [2012] [2013] showed positive correlation with CTT at Durban, Potchefstroom and particularly, high value at Bloemfontein (> 0.25) and negatively correlated over Cape Town Pretoria, and Skukuza. This clearly demonstrates that positive correlation noticed between AOD and CTT at higher latitudes, except for Pretoria and Skukuza and a negative correlation at lower latitudes like Cape Town. The observed negative correlation at Pretoria and Skukuza sites is mainly attributed to biomass burning and dust activities and the positive correlation may be due to large-scale meteorological variations in the retrieved MODIS data. This correlation might be involved in a very complex interplay among convection, layer of boundary and largescale cloud parameterization in the region (Quass et al., 2010) . Similar results were investigated by Alam et al. (2014) over different stations in Pakistan with positive correlation between AOD and CTT over northern sites and negative correlation in the southern sites. This is the opposite case as we discussed earlier for AOD and CF spatial correlation map in which, CF was observed to be positively correlated with AOD over southern SA, whereas, negatively correlated over northern SA.
Time series plots ( Fig. 9(b) ) for the monthly averages of AOD and CTT showed the similar pattern as that of CTP in all the locations and is due to large scale meteorological conditions (Alam et al., 2010) . The correlation coefficients between AOD and CTT are found to be 0. 244, 0.370, -0.128, -0.095, -0.310 and -0.252 for Bloemfontein, Cape Town, Durban, Potchefstroom, Pretoria and Skukuza, respectively. On the other hand, a consistent negative correlation was observed at coastal sites of lower latitudes like Cape Town due to the presence of fine-mode aerosol particles that may couple within the water column to show decreased CTT. In addition, anthropogenic aerosols may change the CTT by their induced secondary circulations in the atmosphere (Balakrishnaiah et al., 2012) . Sekiguchi et al. (2009) showed that CTT really does not change but that aerosol affects only COD and CF to change the size and composition of cloud particles with a change in nearby temperature conditions in the atmosphere. Also, CTT and humidity profile can be modified, if there is such an increase in anthropogenic aerosol such that it sets up a secondary circulation (Santer et al., 1996) .
Relationship between AOD, Cloud Parameters and Precipitation
Anthropogenic aerosols have an impact on cloud and meteorological parameters which also stresses the large uncertainties both in the competing processes and the quantification of their impact. In order to understand the aerosol indirect effect and impact of aerosols on precipitation (PPT), the relationship was studied for the same two selected hinterland and coastland stations. The monthly level-3 rainfall data used in this study for the two stations downloaded from the Tropical Rainfall Measuring Mission (TRMM) online visualization and analysis system (TOVAS). Figs. 10(a) and 10(b) shows the association between aerosols and COD, CER over Cape Town and Skukuza. At Cape Town, CER has its highest value occurring in July and COD in June, while AOD has its highest in September. When AOD was lowest COD and CER are highest and vice-versa. The three parameters seem not to follow same pattern. While in Skukuza, AOD, CER and COD correspond at greater parts of the year. At Skukuza, AOD follows similar pattern with COD and opposite with CER. The higher CER with lowest AOD is noticed over Skukuza because the larger CER will able to produce more size of cloud droplets and it enhances the rain. In the Figs. 10(c) and 10(d), COD, CER and PPT shows higher COD corresponding to higher PPT. This supports the earlier view that aerosol and cloud are well mixed over Cape Town, while in Skukuza the pattern of variation shows that aerosol and cloud may not be well mixed as COD does not completely follow same pattern as the PPT.
At Cape Town, the PPT has its maximum during winter months and minimum in rest of the months which is quite opposite as noticed over Skukuza with its high in summer and low in autumn and winter. It is clear from Fig. 10(c) that as CER increases with increase in PPT results in decrease of AOD. The figure shows the continuous increase of aerosols with less amount of rainfall and hence these aerosols may obstruct the rainfall. Increased aerosol and the local emissions may reduce the PPT efficiency responsible for the PPT reduction (Gunaseelan et al., 2014) . While in Skukuza, AOD and PPT follow similar pattern and increase when COD increases. This region is dominated by anthropogenic activities such as fossil fuel, biomass burning, and it can be attributed to an increase in the amount of aerosols. So, the aerosols in this region are due to emissions and the large number of absorbing aerosols will heat the troposphere with small amount of water vapor and in turn results less precipitation. This shows that the suppression/ favor of PPT depends on the aerosol types since the hygroscopic particles are efficient for CCN which promote formation of cloud with PPT enhancement. Meanwhile, hydrophobic particles are not good enough for the CCN which may defeat PPT.
CONCLUSIONS
The present work aims to study the impact of aerosols on cloud parameters and rainfall using MODIS satellite data over six locations in South Africa, to the best of our knowledge is the first attempt of the subject in the region. Our report therefore stands to fill a scientific gap in our knowledge of aerosol-cloud-precipitation interaction studies. Though the work did not include details of the aerosol types and their source regions, we nevertheless are able to make the following findings:
• The spatial AOD 550 is generally not too high over the selected cities in SA. Apart from Durban where, average value approaches to 0.2, other locations are either less than 0.1 or very close to it.
• The temporal variation shows that the mean AOD 550 ranges between 0.06 ± 0.04 (Bloemfontein) and 0.13 ± 0.05 (Durban) for the study period. All the locations have noticed minimum AOD 550 during the winter (June) and most have their maximum during the spring (September) except, Pretoria, which has its maximum in summer (February).
• The Angstrom exponent indicated that all the locations except Bloemfontein has predominance of fine particles for most part of the year. Only two of the locations have their AOD correlating positively with AE in terms of spatial correlation.
• The cloud fraction correlates negatively for most of the locations under the study, while the cloud optical depth correlates positively with AOD for three locations. This clearly shows that the correlation does not particularly depend on AOD of the location and also on the local prevailing meteorological conditions. • AOD and cloud effective radius are negatively correlated over oceanic regions and positively correlated for inland stations which may be attributed to the presence of slightly soluble organics particles and giant CCN.
• Cloud top temperature and cloud top pressure have similar trend suggesting the influence of large-scale meteorological conditions.
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